Abstract. Recent studies with fibroblasts have shown that peptidylhydroxyproline formation begins toward the end of the log phase of growth and is an expression of the activity of the enzyme, collagen proline hydroxylase, which increases in late log-phase cells. This communication reports a two-to fivefold increase in hydroxylase activity on incubating early log-phase cells with lactate. The activation effect is apparently specific for lactate and, although independent of new protein synthesis, requires incubation with intact cells for its expression. Since lactate concentration increases in cells as they normally enter the stationary phase, lactate may play an important role as an activator of one of the collagen-forming enzymes.
It has been shown that during the growth of L-929 fibroblasts in culture, incorporation of proline-'4C into collagen parallels cell growth but hydroxyproline does not appear in significant amounts for up to 40 hr. During this period of time the cells produce and secrete an "unhydroxylated collagen" into the medium. ' The appearance of collagen hydroxyproline, which is routinely observed near the end of logarithmic growth in fibroblast cultures,",2 parallels the increase in activity of the enzyme, collagen proline hydroxylase." 3 The increase in enzyme activity is not the result of new enzyme synthesis but is apparently due to an activation of some "inactive" form of the enzyme that is probably formed during the logarithmic stage of growth when general cellular protein synthesis is greatest. The finding that a high cell density, attained either through growth in suspension or monolayer cultures or by experimental concentration of cells, leads to enzyme activation suggested that some metabolic product of the cell might be the activator. ' In 1964, Green and Goldberg2 studied collagen formation in cultured fibroblasts and considered the possibility that a product(s) of cellular metabolism might control the synthesis of collagen (as measured by the appearance of hydroxyproline) which increases markedly in saturation density cultures. Since lactate accumulates during the stationary phase of cell growth, they suggested that it might be involved in the regulation of collagen biosynthesis. They reported that early log-phase cells incubated with lactate for 48 hr increased collagen (hydroxyproline) formation two-to threefold over controls. The present study was undertaken to investigate this further and to see whether the effect of lactate is in activating collagen proline hydroxylase. The procedures for growing L-929 mouse fibroblasts in this laboratory have been described in detail."3 Similar conditions were used for the WI-38 human embryo fibroblasts. Replicate 75 cm2 flasks were inoculated with 1.5 X 106 cells/flask in 20 ml of Eagle's minimal essential media supplemented as described previously.' Most experiments were performed when the cell count was 4 to 6 X 106 cells/flask (logarithmic phase of growth). In certain experiments collagen proline hydroxylase activity and lactic acid production were measured after log-phase cells had been concentrated rapidly by centrifugation to a high density. In these studies 3.5 X 106 cells in 2.5 ml media were transferred to 35 X 10 mm (8 cm2 The preparation of cellular materials' and counting of 14C samples for measuring in vivo prolyl hydroxylation6 and protein synthesis7 have been previously described. Lactic acid was measured by a modification of the enzymatic-spectrophotometric method described by Rosenberg and Rush8 with reagents prepared as Lactate Stat-Packs. The results are reorded as/umoles of lactic acid/ml of culture medium.
Results. As shown in Table 1 , lactate increased the hydroxyproline content of log-phase cells, as previously reported by Green and Goldberg.2 This was ±t 700 ± 3000 Twelve flasks were inoculated with 1.25 X 106 cells/flask in 20 ml of medium. At 48 hr (cell count 3.2 X 106 cells/flask) 40 smoles sodium lactate/ml medium was added to six flasks. Three of these flasks and three control flasks also received 2.5 ;&Ci proline-14C and incubation was continued for an additional 8 hr. Then the cells were counted and enzyme activities determined on cell'sonicates of three flasks from each group. Proline-14C and hydroxyproline-14C were measured in the hot 5% trichloroacetic acid extracts of the washed cell monolayers in the remaining three flasks from each group.
accompanied by a comparable increase in the collagen proline hydroxylase activity of the cells. However, lactate did not increase the incorporation of proline-14C into collagen extracts, indicating that it increased peptidyl hydroxyproline formation by stimulating hydroxylase activity and not by increasing the pool of proline-rich, hydroxyproline-deficient polypeptides.
When sodium lactate was added to the culture medium of log-phase cells and incubation is continued for an additional 8 hr, the activity of collagen proline hydroxylase increased proportional to the lactate concentration (Fig. 1) Figure 2 . Enzyme activity was significantly increased when the cells were incubated for 2 hr and continued to increase up to 8 hr before reaching a plateau. The pH of the medium remained constant (7.36 A 0.03) during this study. Subsequent studies were terminated routinely after 8 hr.
In previous studies the increase in collagen proline hydroxylase activity occurring at the end of the log phase of growth did not require synthesis of new protein. Lactate and cycloheximide were added to log-phase cells to determine whether the lactate effect was also independent of new protein synthesis. As shown in Table 2 when protein synthesis had been almost completely inhibited. The data also indicate that the small increase in cell number caused by lactate is not responsible for the increase in enzyme activity. It should be noted that in this experiment, as in the one reported in Table 1 , lactate did not alter the incorporation of proline-14C into protein.
Lactate was also incubated with stationary-phase cells in which protein synthesis has been found to be very low, as measured by the incorporation of radioactive amino acids. Collagen proline hydroxylase activity in such cells is at its highest, and no procedure had thus far been found which could further increase this activity. However, the addition of 40 ,moles/ml of sodium lactate to cells grown for 7 days in culture caused an additional twofold increase in the already high enzyme activity (zero time, 10,744 ± 248 cpm; 8 hr control 11,700 ± 89 cpm; and 8 hr sodium lactate 22,144 A 19 cpm). This again bears out the conclusion of the previous experiments that the increase in enzyme activity caused by lactate does not depend on new protein synthesis. To investigate the effects of sodium lactate further it was added to incubation mixtures of sonicates of log-phase cells at concentrations up to 40,moles/ml and at various temperatures (40, 300, and 370C) for 30 min at pH 6.0, 6.8, and 7.5 before assaying for enzyme activity. No increase above control activities was found in any of the samples containing lactate. Previous incubation at pH 6.0 in the absence of lactate increased the specific activity twofold as has been previously reported,3 but lactate did not further increase this effect. Lactate did not change the activity of enzyme preparations partially purified by ammonium sulfate precipitation of 105,000 X g chicken embryo supernate. Sodium lactate added to the enzyme assay mixture (0.04-40.0 jmoles/ml) had no effect on the measured enzyme activity. These in vitro studies indicate that lactate does not effect proline hydroxylase directly and that the intact cell is required for the expression of the effect. The possibility existed that lactate, which can be metabolized by these cells,1' might be the precursor of some other active substance. However, when pyruvate, succinate, citrate, a-ketoglutarate, fumarate, or glucose were added at 40 Moles/ml for 8 hr to cell cultures, no increase in enzyme activity was observed.
The amounts of lactate appearing in the medium of fibroblasts cultures were measured under conditions where hydroxylase activity increased. As shown in Table 3 the medium lactate content of log-phase cultures was 3-4 ,umoles/ml but Monolayer cultures were inoculated with 20 ml of medium containing 1.5 X 106 cells in replicate 75 cm2 flasks. Concentrated cultures were prepared with log-phase cells grown in suspension cultures; 3.5 X 106 cells in 2.5 ml medium were transferred to replicate 8 cm2 dishes and incubated in a humid 5% C02-95% 02 atmosphere. At the indicated times the cells were rapidly scraped off the bottom and the suspension of medium and cells added to an equal volume of 0.6 M perchloric acid for lactic acid assay. Each value represents the average obtained on three flasks + SEM. increased to 9 uimoles/ml in the medium of mature cells, which contained the highest proline hydroxylase activities. These lactate concentrations are comparable to those reported by Paul'2 for L-cells. The concentration of lactate in the medium of cells which were concentrated experimentally attained levels of 9 ,umoles/ml. Discussion 
